The microbial world presents a complex palette of opportunities and dangers to animals, which have developed surveillance and response strategies to hints of microbial intent. We show here that the mitochondrial homeostatic response pathway of the nematode Caenorhabditis elegans responds to Escherichia coli mutations that activate free radical detoxification pathways. Activation of C. elegans mitochondrial responses could be suppressed by additional mutations in E. coli, suggesting that C. elegans responds to products of E. coli to anticipate challenges to its mitochondrion. Out of 50 C. elegans gene inactivations known to mediate mitochondrial defense, we found that 7 genes were required for C. elegans response to a free radical producing E. coli mutant, including the bZip transcription factor atfs-1 (activating transcription factor associated with stress). An atfs-1 lossof-function mutant was partially resistant to the effects of free radical-producing E. coli mutant, but a constitutively active atfs-1 mutant growing on wild-type E. coli inappropriately activated the pattern of mitochondrial responses normally induced by an E. coli free radical pathway mutant. Carbonylated proteins from free radical-producing E. coli mutant may directly activate the ATFS-1/bZIP transcription factor to induce mitochondrial stress response: feeding C. elegans with H 2 O 2 -treated E. coli induces the mitochondrial unfolded protein response, and inhibition of a gut peptide transporter partially suppressed C. elegans response to free radical damaged E. coli. mitochondria | C. elegans | host-microbe dialogue A nimals, plants, and other eukaryotes do not live in a germ-free environment. Their accessible surfaces are in contact with diverse bacterial species, which have relationships that range from benign to mutual to commensal to pathogenic. In fact, given that modern eukaryotes represent multiple probable ancient fusions of archaeal and bacterial cells, there have always been bacteria in the eukaryotic environment, and eukaryotes at the moment of their genesis were in dialogue with the probable symbiotic bacteria that they engulfed. Bacterial microflora is now intensively studied as the gut microbiota of many vertebrates and invertebrates (1). In the gut, microbes are afforded an anaerobic environment, in which a billion years of bacterial evolution before the emergence of oxygenic photosynthesis and 500 million years of animal guts have generated diverse anaerobic bacteria and a relatively safe environment and abundant nutrients in a circadian rhythm as animals feed (2). In return, gut microbes protect the host against pathogens by occupying niches and facilitate digestion, which enables the synthesis and metabolism of nutrients, energy generation, and vitamin biosynthesis. However, the dialogues between microbes and host are only beginning to be understood. Understanding the factors that affect microbial metabolism and signaling may reveal how microbes regulate animal physiology and aging.
A nimals, plants, and other eukaryotes do not live in a germ-free environment. Their accessible surfaces are in contact with diverse bacterial species, which have relationships that range from benign to mutual to commensal to pathogenic. In fact, given that modern eukaryotes represent multiple probable ancient fusions of archaeal and bacterial cells, there have always been bacteria in the eukaryotic environment, and eukaryotes at the moment of their genesis were in dialogue with the probable symbiotic bacteria that they engulfed. Bacterial microflora is now intensively studied as the gut microbiota of many vertebrates and invertebrates (1) . In the gut, microbes are afforded an anaerobic environment, in which a billion years of bacterial evolution before the emergence of oxygenic photosynthesis and 500 million years of animal guts have generated diverse anaerobic bacteria and a relatively safe environment and abundant nutrients in a circadian rhythm as animals feed (2) . In return, gut microbes protect the host against pathogens by occupying niches and facilitate digestion, which enables the synthesis and metabolism of nutrients, energy generation, and vitamin biosynthesis. However, the dialogues between microbes and host are only beginning to be understood. Understanding the factors that affect microbial metabolism and signaling may reveal how microbes regulate animal physiology and aging.
Here we study the dialogue between the nematode Caenorhabditis elegans and its diet Escherichia coli using genetic analyses of both E. coli and C. elegans. These analyses reveal the bacterial genetic pathways that affect the host physiology, development, and aging and the host genes that mediate these responses. E. coli OP50 is the standard laboratory diet of C. elegans (3), providing the nutrients required for C. elegans growth and development. Changes in the C. elegans diet to either different E. coli strains or other microbial species have profound effects on several aspects of host physiology (4) (5) (6) (7) . To identify the E. coli genetic pathways that are essential for the normal growth and development of C. elegans, we conducted a forward genetic screen for E. coli mutants that grow well as bacterial colonies but do not foster normal growth of C. elegans. We found that mutations that induce oxidative stress in E. coli cause much slowed development of C. elegans growing on this mutant E. coli and induce mitochondrial stress response. Activation of C. elegans mitochondrial responses could be suppressed by additional mutations in E. coli response pathways for free radical damage, suggesting that C. elegans responds to products of E. coli systems of reactive oxygen detoxification to anticipate challenges to its mitochondrion. We also found that oxidatively stressed E. coli activates mitochondrial stress responses using peptide transporters and transcription factors that are known to mediate mitochondrial homeostasis.
Results and Discussion
A Forward Genetic Screen for E. coli Gene Activities Necessary for the Normal Growth and Development of C. elegans. In the absence of E. coli as a nutritional source, the newly hatched C. elegans arrest at the L1 (larval stage 1) diapause. When E. coli is supplied to these arrested L1 larvae, they resume their development and progress through the larval stages and reach adulthood synchronously at 55 h of growth at 20°C. To identify the E. coli gene activities that are necessary for the normal growth and development of C. elegans, an EZ-Tn5 transposon mutagenesis library containing ∼2,000 E. coli mutant strains was constructed from the E. coli B strain OP50 often used as a food source for C. elegans genetic studies (Materials and Methods). Individual E. coli OP50-derived mutant strains that grew normally on bacterial LB plates were fed to synchronized L1 larval stage animals and screened after 55 h at 20°C for E. coli mutant bacterial strains that dramatically slowed C. elegans development. This screen identified one E. coli mutant strain that caused a severe developmental delay
Significance
Eukaryotes and bacteria are often in dialogue, in some cases mutualistic and in other cases pathogenic. A highly evolved system of measures and countermeasures by both bacteria and eukaryotic host may mediate these interactions. Here we found that mutations in the electron transport pathway of the normally benign Escherichia coli, which is a food for Caenorhabditis elegans in the laboratory, induces a mitochondrial stress response. The oxidatively stressed E. coli activates mitochondrial stress responses via transcription factors that are known to mediate mitochondrial homeostasis. Activation of C. elegans mitochondrial responses could be suppressed by additional mutations in E. coli response pathways for free radical damage, showing that the animal response depends on bacterial response to free radical damage.
Author contributions: J.A.G., E.J., and G.R. designed research; J.A.G., E.J., and X.Z. performed research; J.A.G., E.J., and E.M. analyzed data; and J.A.G. and G.R. wrote the paper.
Reviewers: A.D., University of California, Berkeley; and G.S., National Institutes of Health.
The authors declare no conflict of interest. 1 To whom correspondence should be addressed. Email: ruvkun@molbio.mgh.harvard.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1517448112/-/DCSupplemental.
( Fig. 1 A and B and Fig. S1 ). Because the Tn5 insertion mutation is tagged with kanamycin resistance, we could retrieve the mutant locus and sequence the Tn5 fusion point in the E. coli genome (SI Materials and Methods); in this E. coli mutant, Tn5 was inserted in the cyoA (cytochrome BO terminal oxidase A) gene. To confirm that the disruption of cyoA is indeed responsible for the worm developmental delay phenotype, we introduced a plasmid that contained the entire cyo operon into the cyoA::Tn5 mutant strain. Compared with the animals fed on the cyoA mutant E. coli carrying a control plasmid, developmental progression was normal in animals fed on cyoA::Tn5 mutant E. coli carrying the Cyo operon ( Fig. 1 A and B) .
Because the animals fed on cyoA mutant E. coli grow slowly, we tested whether stress pathways are induced. We cultured animals carrying a collection of transcriptional GFP fusion reporter genes for various stress pathways on the cyoA mutant E. coli compared with wild-type E. coli (Table S1 ). Heat shock protein hsp-6::gfp and hsp-60p::gfp transcriptional reporters, but not other reporter genes, were induced in animals fed on the cyoA::Tn5 mutant bacteria. hsp-6 and hsp-60 encode mitochondrial matrix HSP70 and HSP60 chaperones that are specifically upregulated by perturbations that impair mitochondrial structure or function (8) . The hsp-60p::gfp transcriptional reporter was not induced in animals fed on the cyoA::Tn5 mutant E. coli carrying the complementing wild-type Cyo operon ( Fig. 1 C and D) . Stress Response. cyoA encodes the cytochrome bo terminal oxidase subunit II of the aerobic respiratory chain of E. coli. There are E. coli gene clusters for three cytochrome oxidases: cytochrome bo oxidase (CyoABCD), cytochrome bd-I oxidase (CydAB), and cytochrome bd-II oxidase (CbdAB) (9) . Genes of the cytochrome bo oxidase cluster are functional under aerobic conditions, whereas the cytochrome bd clusters are active under microaerobic conditions (10) . Mutants lacking cytochrome bo oxidase activity can still respire aerobically because of the presence of cytochrome bd oxidase (11) . The cytochrome bo terminal oxidase consists of four essential subunits encoded by cyoA, cyoB, cyoC, and cyoD genes, respectively. All these genes including cyoE, which is an auxiliary component of the cyo complex, are present in the same operon (10) .
To test whether mutants in components of the respiratory chain would cause developmental delay and induction of the C. elegans mitochondrial stress response, we used the Keio K-12 knockout consortium library (12) . Animals fed on E. coli BW25113, which is the parent strain for all of the Keio mutant collection, did not slow or affect the developmental progression of C. elegans. In contrast, animals fed on nonpolar deletion mutants in ΔcyoA, ΔcyoB, ΔcyoC, or ΔcyoD exhibited the developmental delay phenotype ( Fig. 2A) and induced the mitochondrial stress response (Fig. 2B) . Mutations in ΔcyoE or other components of the respiratory chain did not show any significant developmental progression defect except for ΔnuoG, which encodes a subunit of the NADH dehydrogenase complex. Also, mutations in ubiquinone or biosynthetic genes did not affect the developmental progression (Fig. S2A) .
We found that a variety of xenobiotic detoxification and innate immune response genes that were previously implicated in mitochondrial stress response were induced in animals fed on the ΔcyoA E. coli K-12 mutant ( Fig. 2 C-E). In contrast, these genes were not induced in animals fed on the ΔcyoA E. coli mutant K-12 carrying the complementing wild-type Cyo operon ( Fig. 2 C-E). In all subsequent experiments described below, ΔcyoA mutant refers to ΔcyoA E. coli K-12 deletion mutant, and the control strain is E. coli BW25113.
The respiratory chain of E. coli is an important source for reactive oxygen species (ROS), and mutants in the cytochrome oxidase complex of E. coli have increased ROS levels, as well as increased sensitivity to exogenous oxidative stress (13) . We considered the possibility that microbial ROS might induce mitochondrial stress response and developmental delay phenotype in the C. elegans growing on the respiratory chain mutant E. coli. ROS is a byproduct of aerobic respiration, and the microbes have a variety of enzymes such as catalase, superoxide dismutase, and alkylhydroperoxide reductase for ROS detoxification. Thus, one might predict that decreasing the microbial ROS detoxification pathways would result in increased ROS levels. We hypothesized that feeding worms with E. coli mutants in ROS detoxification enzymes might induce mitochondrial stress response and cause the developmental delay phenotype. Worms fed on an E. coli mutant carrying mutations in katEG (catalase) and ahpCF (alkylhydroperoxide reductase) also caused significant developmental delay (Fig. S2B ). Animals fed on mutants of ΔkatE, ΔkatG, or ΔsodB (superoxide dismutase) did not exhibit developmental delay; however, animals fed on mutations in ΔsodA (superoxide dismutase) or ΔahpC exhibited moderate developmental delay (Fig. S2B) . Thus, increased microbial ROS production in the respiratory chain mutants is the source for the mitochondrial stress response and developmental delay phenotype in the C. elegans growing on the respiratory chain mutant E. coli.
A Forward Screen for E. coli Mutations That Suppress or Enhance
ΔcyoA-Induced C. elegans Developmental Delay. To test whether changes in bacterial ROS production or bacterial response pathways to ROS modify the C. elegans growth on the respiratory chain mutant E. coli, we conducted a forward genetic screen. We screened for E. coli mutants that either suppressed or enhanced the slow growth of C. elegans on the E. coli cyoA mutant (SI Materials and Methods). We generated an EZ-Tn5 transposon mutagenesis library containing ∼2,400 strains of E. coli in the ΔcyoA mutant background. Individual EZ-Tn5 transposon strain containing E. coli in the ΔcyoA mutant background were fed to synchronized L1-larval stage hsp-60p::gfp animals and screened after 55 h at 20°C for strains that affected worm developmental progression and GFP activation. We identified nine E. coli mutations that suppressed the ΔcyoA-induced C. elegans developmental delay and six E. coli mutations that enhanced cyoA-induced C. elegans developmental delay ( Fig. 3 A and B , Table S2 , and Figs. S3 and S4A). All of the mutants that suppressed ΔcyoA-induced C. elegans developmental delay also suppressed the ΔcyoA-induced hsp-60p::gfp induction (Fig. S4B) . We identified the E. coli genetic loci disrupted in these Tn5 mutant strains (SI Materials and Methods). One of the suppressor E. coli mutant strains had a transposon insertion in the rsxC gene. C. elegans growing on rsxC::Tn5 ΔcyoA E. coli did not exhibit the ΔcyoA-mutant developmental delay phenotype (Table S2 and Fig.  S4A ) or the hsp-60p::gfp induction phenotype (Fig. S4B) . rsxC is a member of the rsxABCDGE cluster, which encodes the SoxR reducing system (14) , and deletion of rsxC or other genes in the cluster causes constitutive activation of soxS transcription (14) . (15) . soxS encodes a transcription factor that regulates superoxide stress response (16) . Several of the SoxS regulated genes including sodA (superoxide dismutase), zwf (Glucose 6-phosphate dehydrogenase), and nfo (endonuclease) are required for defending against oxidative stress (16, 17) . Although soxS regulon responds to superoxide stress, the oxyR regulon protects E. coli from hydrogen peroxide via activation of OxyR transcription factor, which induces genes encoding catalases (katG), alkyl hydrogen peroxide reductases (ahpCF), and small regulatory RNA (OxyS) (18) . Thus, the rsxC mutation is likely to increase the oxidative stress resistance capacity of the ΔcyoA-mutant E. coli.
We identified two independent mutations in the copA gene in the screen for suppressors of ΔcyoA-induced C. elegans developmental delay phenotype (Table S2 ). copA encodes a P-type ATPase which is involved in export of monovalent copper from the cytoplasm to the periplasm (19, 20) . Monovalent copper readily reacts with H 2 O 2 to form ROS (21); thus, limiting monovalent copper in the periplasm where H 2 O 2 is generated by the respiratory chain may be advantageous. To test this hypothesis, we treated cyoA mutants with neocuproine, which is a cell-permeable monovalent copper specific chelator. We found that compared with C. elegans fed on the cyoA mutant, animals fed on the cyoA mutant treated with neocuproine did not exhibit developmental delay (Fig. 3D) .
We identified a Tn5 insertion in the qmcA gene that suppresses the C. elegans response to the E. coli cyoA mutation (Table S2) . qmcA encodes a membrane-bound prohibitin homology (PHB) domain family protein that plays a role in quality control of integral membrane proteins (22) . We introduced a plasmid bearing the fulllength qmcA gene under its own promoter (22) into the ΔcyoA; qmcA::Tn5 double mutant. Compared with the animals fed on ΔcyoA;qmcA::Tn5 double mutant carrying a control plasmid, animals fed on ΔcyoA;qmcA::Tn5 double mutant carrying the qmcA complementing plasmid exhibited the developmental delay phenotype (Fig. S5A) . In addition, hsp-60::gfp induction was restored , and cyp-13A7 mRNA expression in the animals as assessed by qRT-PCR, whereas their induction is reduced in animals fed on ΔcyoA mutant E. coli carrying cyoABCD operon plasmid. ΔcyoA mutant E. coli feeding does not induce hsp-4, which is an ER chaperone or cdr-1, which is an oxidative stress response gene.
(E) Feeding
ΔcyoA mutant E. coli induces innate immune response genes such as spp-7 and cnc-9 mRNA expression in the animals as assessed by qRT-PCR, whereas their induction is reduced in animals fed on ΔcyoA mutant E. coli carrying cyoABCD operon plasmid. in animals fed on ΔcyoA;qmcA::Tn5 double mutant carrying the qmcA plasmid, compared with animals fed on ΔcyoA;qmcA::Tn5 double mutant carrying a control plasmid (Fig. S5B) . Feeding animals with E. coli BW25113 carrying qmcA plasmid did not affect worm development (Fig. S5A) ; however, ΔcyoA carrying qmcA plasmid enhanced the Δcyo-induced developmental delay (Fig.  S5A) . PHB domain containing proteins are thought to function as chaperones for respiratory chain proteins and are generally important in maintaining mitochondrial morphology and function (23) . qmcA was identified as a multicopy suppressor of ftsH/htpX double mutant E. coli growth defect (22) . ftsH and htpX encode membrane proteases that are required for degradation of several cellular proteins (24, 25) . ftsH is also required for the turnover of SoxS transcription factor along with lon protease (26) . qmcA also interacts directly with ftsH, suggesting a functional overlap. Therefore, it is likely that qmcA functions together with ftsH for the degradation of SoxS transcription factor. Thus, in the ΔcyoA; qmcA::Tn5 double mutant background, increased SoxS transcription factor protein level might mitigate oxidative stress. We identified a Tn5 insertion in the tatB gene that suppresses the C. elegans response to the E. coli cyoA mutation (Table S2) . tatB encodes a member of the Twin-arginine translocation (Tat) pathway that guides the export of fully folded proteins across the membrane in E. coli. To determine whether inactivation of tatB was indeed responsible for suppression of Δcyo-induced developmental delay phenotype, we introduced a plasmid that contains the TatABC genes (27) . We found that compared with animals fed on ΔcyoA tatB::Tn5 mutants carrying a control plasmid, animals fed on ΔcyoA tatB::Tn5 mutants carrying TatABC plasmid displayed a developmental delay phenotype (Fig. S5A) . Introduction of TatABC plasmid into ΔcyoA mutant did not enhance or suppress the Δcyo-induced developmental delay phenotype (Fig. S5A) . Several proteins including components of the anaerobic respiratory chain (28) , as well as proteins involved in cell division (29) , are dependent on the Tat export machinery; thus, it is likely that in the absence of these proteins, ROS production in E. coli is greatly reduced resulting in suppression of the ΔcyoA-induced developmental delay.
In the genetic screen, we also identified six E. coli mutations that enhanced the cyoA-induced C. elegans developmental delay phenotype (Table S2 and Fig. 3B ). The genes disrupted in these mutants include yeaM (uncharacterized HTH-type transcriptional regulator), evgS (member of two-component regulatory system evgS/evgA), glcA (2-hydroxymonocarboxylate transporter), elegans genes that either suppress, have no effect, or enhance ΔcyoA-induced developmental delay. (C) atfs-1(tm4525); hsp-60::gfp mutants fail to induce hsp-60::gfp after ΔcyoA feeding. Fold change compared with hsp-60::gfp animals fed on E. coli BW25113. Statistical significance was determined using unpaired t test. Error bars represent SD. **P < 0.01. (D) atfs-1(tm4525) mutants are partially resistant to ΔcyoA-induced developmental delay, whereas atfs-1(et15) are resistant to ΔcyoA.
(E) pept-1(RNAi) treatment partially suppresses ΔcyoA-induced developmental delay.
bglF (b-glucoside phosphotransferase), and ybdO (uncharacterized HTH-type transcriptional regulator). We also tested whether these mutants have an effect on worm development in the cyoA + wildtype background; we analyzed Keio K-12 deletion mutants in these six genes. We found that animals fed on in-frame deletion mutants in ΔyeaM, ΔevgS, ΔglcA, or ΔybdO exhibited worm developmental delay phenotype (Fig. 3D) as well as induced hsp-60p::gfp (Fig.  S5C) . We predict that mutations in these genes might either decrease ROS detoxification or increase ROS production via parallel pathways.
Identification of C. elegans Mitochondrial Stress Response Pathway Genes That Are Required for ΔcyoA-Induced hsp-60p::gfp Expression.
To determine whether ΔcyoA mutant feeding affects C. elegans mitochondrial morphology or function, we used Mitotracker CMXRos and Rhodamine 6G dyes. We did not observe any apparent differences in the staining patterns with either of the dyes between animals fed on E. coli BW25113 or the ΔcyoA mutant (Fig. S5 D and E) . Because the ΔcyoA mutant induced hsp-60p::gfp expression, we tested whether the known genes in the C. elegans mitochondrial stress response pathway are required. We conducted an RNAi screen of genes that have been previously implicated in mitochondrial stress response (30) (31) (32) (33) (34) (Table S3 ). L1-larval stage hsp-60p::gfp animals were treated with individual RNAi clones until adulthood and egg-prepped to obtain synchronous F1 L1-larval stage animals. These L1-larvae were fed to ΔcyoA-mutant or E. coli BW25113 and scored for defects in developmental progression after 50 h at 20°C and for induction of hsp-60p::gfp. Out of ∼50 mitochondrial stress response genes tested, we found that 7 genes were required for ΔcyoA-induced hsp-60p::gfp expression (Fig. 4A) . RNAi of these seven genes also suppressed the ΔcyoA-induced developmental delay phenotype (Fig. 4B) .
Among the seven gene inactivations that suppressed the ΔcyoA-induced developmental delay and suppressed the induction of hsp-60p::gfp was atfs-1 ( Fig. 4 A and B) . atfs-1 encodes a bZip transcription factor that is required for hsp-60p::gfp induction in response to mitochondrial stress (30, 35) . We verified the atfs-1 RNAi result using atfs-1(tm4525);hsp-60p::gfp strain. atfs-1(tm4525; hsp-60p::gfp mutants fed the ΔcyoA mutant E. coli did not activate GFP, whereas wild-type animals carrying hsp-60p:: gfp activated the mitochondrial stress reporter gene (Fig. 4C) . atfs-1(tm4525);hsp-60p::gfp were also partially resistant to ΔcyoA-induced developmental delay (Fig. 4D) . If the ΔcyoA-induced developmental delay is due to activation of ATFS-1 protein, an atfs-1(et15) is a gain-of-function allele of ATFS-1 that constitutively relocalizes ATFS-1 to the nucleus and may exhibit a constant state of mitochondrial stress (35) . We found that the atfs-1(et15) mutant shows a developmental delay when fed on normally benign E. coli BW25113. Feeding atfs-1(et15) mutant on ΔcyoA mutant E. coli did not enhance the developmental delay phenotype, suggesting that ΔcyoA and atfs-1(et15) function in the same pathway.
How might the E. coli cytochrome mutant cyoA feeding activate the ATFS-1 transcription factor? In the classical mitochondrial stress response pathway, mitochondrial inhibitors are thought to induce accumulation of unfolded proteins. These unfolded proteins are cleaved into small peptides by the CLPP-1/ClpP protease and exported out of the mitochondria via the HAF-1/ABC transporter (32, 34) . In the cytoplasm, these peptides are thought to inhibit the mitochondrial translocation of ATFS-1. ATFS-1 is a leucine zipper transcription factor which contains a mitochondrial targeting sequence (MTS) at its N terminus and a nuclear localization signal (NLS) at its C terminus (30) . In the normal homeostatic condition, ATFS-1 enters the mitochondria where it is degraded by the LON-1/lon protease (30) . While in mitochondrial stress, ATFS-1 is not degraded by the LON-1 protease, and it enters the nucleus to promote transcription of several mitochondrial stress response genes including hsp-60 (36, 37) . We found that RNAi of clpp-1 or haf-1 had no effect on the hsp-60p::gfp induction in the E. coli cyoA mutant feeding (Fig. 4A) , supporting the view that the E. coli cyoA inducer of C. elegans atfs-1 activation bypasses the need for production of mitochondrial peptides.
Microbial ROS causes carbonylation of proteins and subsequent of accumulation of proteolysis-resistant aggregates in E. coli (38) (39) (40) . It is possible that carbonylated proteins from the oxidatively stressed ΔcyoA mutant E. coli enter the worm gut. Because several mitochondrial proteins share strong homology to bacterial proteins, the carbonylated peptide fragments might resemble C. elegans unfolded mitochondrial protein peptides normally generated in stressed mitochondria by the CLPP-1/ClpP protease and released into the cytoplasm by HAF-1 transporter. An attractive hypothesis is that the carbonylated E. coli peptides might directly or indirectly inhibit ATFS-1 localization to the mitochondria, thereby driving it into the nucleus. Another possible explanation is that that respiratory stress experienced by bacteria leads to elevated levels of another metabolite that enters the worm gut and activates the mitochondrial stress response.
PEPT-1 encodes an oligopeptide transporter, which is required for transport of peptides into the worm gut (41) . We found that mild inhibition of pept-1 by RNAi partially suppressed the cyoAinduced developmental delay phenotype (Fig. 4E) ; however, stronger reduction in pept-1 gene function by RNAi itself induces defects in worm development (Fig. 4E ) presumably because peptides are required for proper growth and development (41) . Consistent with the hypothesis that carbonylated proteins induce ATFS-1, feeding C. elegans with E. coli treated with H 2 O 2 induces hsp-60p::gfp (Fig. S5F) . Because the E. coli treated with 3 mM H 2 O 2 was washed several times before feeding, it is unlikely that this is due to the direct action of H 2 O 2 on C. elegans mitochondria. Alternatively, it is possible that stress experienced by bacteria leads to elevated levels of another metabolite that is not washed away.
Mitochondria play an important role in the aging process in several organisms including C. elegans (42, 43) . The C. elegans mitochondria-mediated longevity is cell-nonautonomous (42, 44) . Here we have shown that mutations in the bacterial respiratory chain and bacterial response pathways to ROS production activate the mitochondrial homeostatic pathways. Because diet is an important extrinsic cue that modulates aging, we predict that alterations in the physiologic status of the gut microbiome could have an effect on the host lifespan via activation of mitochondrial homeostatic pathways. In fact, several previous studies suggest that the microbial diet may influence aging in C. elegans (7, (45) (46) (47) (48) .
Reactive oxygen is generated by animal innate immune systems in a bacterial infection (49) . The E. coli electron transport mutations that induce bacterial response pathways such as the SoxRS and OxyR pathways may mimic E. coli in its pathogenic state in an infection, where ROS is an indication of an animal immune response. Conversely, bacterially produced ROS is a virulence mechanism. In addition, iron is often a limiting nutrient, with bacterial siderophores produced to wrest iron from, for example, the abundant depot for iron in the eukaryotic mitochondria. Thus, the C. elegans mitochondrial stress response to bacterial ROS is a biologically salient response: bacteria are likely to target mitochondria for essential iron and production of ROS or ROS modified peptides may be an informative axis by which to monitor animals for bacterial hazards. The gut mucosal surface is rich in oxygen (50) , and in response alterations in the physiologic status due to xenobiotics or invading pathogens, aerobically respiring commensals such as E. coli might generate ROS. The subsequent transfer of carbonylated proteins into the intestinal cells may constitute bacteria-derived signals that cue the host about the gut microbial health status.
Materials and Methods
Details of materials and methods are available in SI Materials and Methods. E. coli strains and plasmids used are described in Tables S4 and S5 . 
